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Context. 3C 454.3 is a very active flat spectrum radio quasar (blazar) that has undergone a recent outburst in all observed bands, 
including the optical. 

Aims. In this work we explore the short-term optical variability of 3C 454.3 during its outburst by searching for time delays between 
different optical bands. Finding one would be important for understanding the evolution of the spectrum of the relativistic electrons, 
which generate the synchrotron jet emission. 

Methods. We performed photometric monitoring of the object by repeating exposures in different optical bands (BVRI). Occasionally, 
different telescopes were used to monitor the object in the same band to verify the reliability of the smallest variations we observed. 
Results. Except on one occasion, where we found indications of a lag of the blue wavelengths behind the red ones, the results are 
inconclusive for most of the other cases. There were either no structures in the light curves to be able to search for patterns, or else 
different approaches led to different conclusions. 
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1. Introduction 

Blazars, perhaps the most amazing class in the AGN family, 
are known for their very broad-band spectra (from radio to 
TeV-energy gamma rays) and fast, large-scale variations in all 
bands. The commonly accepted paradigm invokes a relativis- 
tic jet, pointed almost directly toward the observer to account 
for the emission generation and the observed properties of these 
objects. The jet generally produces a two-peak spectral energy 
distribution (SED) with a lower energy synchrotron peak and a 
higher-energy Compton one. When signatures of an accretion 
disk (and a broad line region) are also present in the SED, the 
object is classified as a flat spectrum radio quasar (FSRQ). 

The FSRQ 3C 454.3 (PKS 2251-1-158, z = 0.859) is among 
the most active blazars ever observed. It is known for its vio- 
lent outbursts in the optical-to-y-ray bands and has been a tar- 
get of numerous multiband monitoring campaigns (e.g. Villata 
et al. 2006; Fuhrmann et al. 2006; Raiteri et al. 2008b; Villata et 
al. 2009; Pacciani et al. 2010). During its latest 2010 October- 
November outburst it was monitored by multiple observatories 
in the optical (Larionov et al. 2010; Semkov et al. 2010), mm- 
band (Gurwell & Wehrie 2010), infrared (Carrasco et al. 2010), 
X-, and y-rays Verceflone et al. 2010; Stirani et al. 2010), all 
showing significant flux increase, reaching levels close to its 
historical maximum of 2005 May (Villata et al. 2006; see also 
Poggiani 2006, for a historical light curve). 

Although blazar optical variability has been extensively 
studied throughout the years, the processes responsible for the 
observed, significant short-term variations still remain unclear 
One possibility is connected with a fast evolution of the energy 
density distribution of the synchrotron emitting particles owing 



primarily to synchrotron/Compton losses or a fresh energy injec- 
tion (acceleration). If so, there should be wavelength-dependent 
time lags between light curves of various colors, provided the 
optical continuum is dominated by the synchrotron emission (see 
the Discussion section for details). 

To the best of our knowledge only a few objects have been 
studied for interband time delays on the intranight timescales, 
and 3C 454.3 is not one of them. For instance, Bottcher et al. 
(2010) studied the VHE blazar lES 1011-H496 and found indi- 
cations of a ~5 min (but consistent with zero) lag of Z?-band 
behind the /?-band, but considering the uncertainties and the lim- 
itations of the data-acquiring technique no specific claims were 
made. During the 2006 monitoring campaign of 3C 279, based 
on a long-term light curve, Bottcher et al. (2007) found a lag 
of about 1 and 4 days of V and B-bands, respectively, behind 
the /?-band, but the trend did not extend into the /-band. They 
interpreted a possible hard lag as the result of a gradual elec- 
tron spectrum hardening due to propagation of relativistic shock 
front, build up of hydromagnetic turbulence, magnetic field con- 
figuration changes, etc., or alternatively, as a slow acceleration 
mechanism with a characteristic time that was close to the ob- 
served lag. 

Motivated by these previous studies and considering that for 
many objects the results were either inconclusive or allowed var- 
ious interpretations, we performed an intensive intranight opti- 
cal (BVRI) monitoring of 3C 454.3 during its latest outburst, 
covering a total of more than 30 hours. Our main goals were to 
study the characteristics of the shortest time-scale variations of 
this object and, especially, to search for any possible time delays 
between the bands. This letter presents our results. 
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Table 1. 3C 454.3 - observations and measured magnitudes. 



3C 454,3 BVRI Light Curves 




504 505 
JD {2455.. 



Fig. 1. BVRI light curves (from bottom to top, in blue, 
green, red, and black, respectively) of 3C 454.3 during the 
most active monitoring period. Splines are added to guide 
the eye. Additional BVR data points for this observational 
period can be found from the Yale Fermi/SMARTS project 
( http ://w w w. astro .y ale. edu/smarts/glas^/| ) . 



2. Observational data 

The source 3C 454.3 was monitored most actively between 
31 Oct. 2010 and 06 Nov. 2010 and mostly with two tele- 
scopes: the 50/70cm Schmidt camera (Rozhen NAO), equipped 
with an FLI PL 16803 CCD and the 60cm Cassegrain tele- 
scope of Belogradchik AO, equipped with an FLI PL9000 
CCD. Both cameras are equipped with standard UBVRI fil- 
ter sets. Occasional observations were also performed with the 
2m RCC telescope of Rozhen NAO, equipped with a Princeton 
Instruments VersArray:1300B CCD. All observational frames (a 
total of almost 1000) were reduced, and aperture photometry 
(aperture radius of 4 arcsec, typically three times the seeing) was 
performed to extract the stellar magnitudes. The object was mea- 
sured with respect to the nearby star "H" (Fiorucci et al., 1998), 
but other standards were also employed as check stars to verify 
the photometric stability. The sky was generally clear during all 
observational nights. During six nights we monitored 3C 454.3 
for four to six hours quasi-simultaneously in four colors (BVRI) 
in order to study the nature of the micro variability of the ob- 
ject and to search for possible time lags between the changes in 
different bands. Repeated BVRI (only VRI in one night) frame 
sequences were taken with a typical exposure time of 120 sec, 
thus ensuring that a frame in the same filter will be taken at least 
once every six to ten minutes. Table 1 summarizes all observa- 
tions. 



3. Results 

Figure 1 shows the BVRI light curves of 3C 454.3 during the pe- 
riod when the object was most actively monitored. Clearly, the 
object was in a high state, close to its historical maximum of 
May, 2005 (R^12, Villata et al. 2006) but still -1.5-2 magni- 
tudes fainter. Table 1 also gives the magnitudes at the beginning 
and the end of each sequence for the longer lasting sequences 
and the time-averaged magnitudes for the shorter (less than 30 
min) sequences. We show no photometric errors in the table, but 
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Notes. R50 - Rozhen 50/70cm Schmidt telescope; R200 - 
200cm RCC telescope; B60 - Belogradchik 60cm telescope. 
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Fig. 2. Intranight BVRI light curves (from bottom to top) of 3C 
454.3. The evening date is shown on top of each panel, as is the 
order of the polynomials used to fit the light curve (see the text). 
Except for 7? -band, arbitrary magnitude offsets are applied to the 
other light curves for presentation purposes. 



they were all in the range 0.01 - 0.015 (B-band) and 0.005 - 0.01 
(VRI-hands) for the individual frames. 

Figure 2 shows the results of the intranight monitoring of 
3C 454.3 during six nights (each evening date at the top of each 
panel). For presentation purposes, the magnitudes of each band. 
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Fig. 3. /-band light curves (with an arbitrary offset, see Fig. 2) for 
the night of 06 Nov. 2010 obtained at two different telescopes: 
the 60cm Belogradchik telescope (filled blue triangles) and the 
50/70cm Rozhen Schmidt telescope (open red circles). 



Table 2. Time lags (in minutes) of BVR bands with respect to 
the /-band. 
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except for /?-band, were adjusted with a proper value in each 
panel of this figure (see Fig. 1 and Table 1 for the true BVI mag- 
nitudes). To verify the reliability of these small-scale variations, 
the object was monitored with two different telescopes on some 
nights (Fig. 3). The nature of intranight variations of 3C 454.3 
during the monitoring period can be described mostly as smooth, 
slow trends or wobbles, with no significant frame-to-frame vari- 
ations and no long-term trends more than 0.03 mag/hour (see 
however Raiteri et al. 2008a, for a report of much higher varia- 
tion rates for another epoch of monitoring of 3C 454.3 with an 
otherwise similar overall brightness). Therefore, an appropriate 
approach to describing the light curve in such a case is to fit a 
smooth function, such as a polynomial. In most cases our light 
curves could be fitted successfully with a polynomial of order 2, 
and occasionally an order 3 polynomial was used. The order of 
the polynomial is shown at the top of each panel in Fig. 2 and 
is the same for all bands during that night (polynomial coeffi- 
cients differ from band to band, of course). Using polynomials 
enables us to better reveal the character of the variations - the 
color changes, and the time lags between bands, thus suppress- 
ing the influence of the individual photometric errors and the 
absence of precise simultaneity of the frames in different bands. 

A close inspection of the individual fits during a single night 
of observation reveals rather complex color variability behavior 
with no clear wavelength dependence from band to band (Fig. 
2); i.e., the (R - I) color does not necessarily evolve similarly to 
the {V - R) color, etc. This should of course be expected if there 
is a time lag between the changes of different wavelengths. To 
search for time lags, we used the polynomials, fitting the light 
curves instead of using the light curves themselves by apply- 
ing the interpolation CCF or discrete CCF techniques (Gaskell 
& Sparke 1986; Edelson & Krolik 1988) mainly for the follow- 
ing reason. The variability amplitudes are not much larger than 
the photometric errors. This, combined with any possible spu- 
rious magnitude deviations affecting some sections of the light 
curve because of variable seeing, imperfect guiding combined 
with imperfect flat-field correction, etc. (see Klimek et al. 2004 
for a discussion of these issues), will lead to an artificial, close- 
to-zero lag, based on a few deviating points at all wavelengths. 
Instead, using the fits, time lags of about an hour or less would 
be revealed better without allowing spurious deviations to take 
over the cross-correlation function. 

Polynomial fits allow two approaches to searching for time 
delays. The first one is based on determining the time corre- 
sponding to a certain feature of the light curve (e.g. minimum or 
maximum) for different bands. This approach is simple and has 
the advantage that it can be applied even if the maximum (min- 



imum) happens to be slightly outside the monitoring timeframe 
for some waveband. The other approach is based on the cross- 
correlation as a function of the time lag between the two poly- 
nomials; i.e., it is basically finding the maximum of the function 

C-(x(t + T)-x)(y(t)-y)dt 

CCUr) = , ' (1) 

^ j;; {x(t + t) - xf dt ■ (y(t) - yf dt 

where x(f) and y{f) are the light curves in two different wave- 
bands. For both approaches to be applied, one needs a polyno- 
mial of order of at least two, since the linear slope does not have 
features repeated in the next-band light curve. For that reason, 
although shown in Fig. 2 fit with order two polynomials, the 
light curves of two nights (03 and 04 Nov. 2010, partially due to 
larger photometric errors and unstable conditions) could be fitted 
equally well with a linear slope and are not considered further in 
the time-delay search. 

Table 2 shows time delays (in minutes) of BV/? -bands, mea- 
sured with respect to the /-band light curve. Here a positive lag 
means that /-band is leading the other band changes and vice 
versa. The first two columns are the evening date of the obser- 
vation (shown also in Fig. 2) and the waveband to be compared 
with the /-band. The next column shows the lag measured by 
using a distinctive feature of the light curve (minimum or max- 
imum). The number is in parentheses if this feature is found to 
be outside the observational period based on the polynomial fits. 
But of course, the results should be taken with caution in that 
case. For 06 Nov. 2010 data, where both the maximum and min- 
imum are present, the average time lag is used, taking into ac- 
count that both times are almost identical (Fig. 2, bottom right 
panel). The last column of Table 2 gives the corresponding lags 
based on the maximum of the cross-correlation function. The 
errors of the CCFs are estimated by performing the same analy- 
sis on MC simulated synthetic curves (30 for each original light 
curve), generated taking the actual photometric errors into ac- 
count. CCF maxima are also relatively independent of the poly- 
nomial order for that particular dataset, as delays change by less 
than 10% when order 4 polynomial was used and about 20% for 
order 5. As evident from Table 2, for most cases there were no 
delays that scaled systematically with the wavelength and that 
were consistent regardless of the determination method used. 
The only exception is the 06 Nov. 2010 data, where good in- 
dications of a delay of the shorter wavelengths behind the longer 
ones can be seen, despite the relatively large CCF errors. In addi- 
tion, both methods give very consistent results. The upper panel 
in Fig. 4 shows the cross-correlation functions (for /-band the 
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Fig. 4. The cross-correlation functions used to determine the 
time lags during the monitoring of 06 Nov. 2010 (the upper 
panel). CCFs, applied to the fitting polynomials are in red, yel- 
low, green and blue, green, red and black (from right to left) for 
the BVRI filters, respectively (for /-band the auto-correlation 
function is shown). As an additional check, the discrete cross- 
congelation function (DCCF) applied to the real data is also 
shown with the corresponding errors (filled circles, open trian- 
gles, and stars for the RVB bands respectively) and seems to 
indicate consistency within the errors. The lower panel shows 
the relation between the wavelength of the filter (with the cor- 
responding error based on its transparency curve) and the time 
lag with respect to the /-band. MC simulations are used to assess 
the errors of the time lags, see the text. A positive lag indicates a 
delay behind the /-band. 

auto-correlation function is shown) for that date. As an addi- 
tional check, the DCCF applied to the real data points is also 
shown with the corresponding errors, giving consistent results. 
The relation between the lag and the wavelength with the corre- 
sponding best linear fit is shown in the lower panel of Fig. 4. 

4. Discussion 

If the synchrotron mechanism is responsible for producing the 
optical emission, one would normally expect the higher fre- 
quency variations to precede the lower frequency ones owing to 
the evolution of the electron spectrum of the emitting zone. The 
electron energy loss is dyldt ^ -by^ for both synchrotron and 
IC emission (Rybicki & Lightman 1979), where is a magnetic- 
field dependent parameter and y is the electron Lorentz factor 
This equation indicates that the higher energy electrons, which 
are producing higher frequency photons, will evolve faster, im- 
plying that any changes in the observed optical spectrum will 
be observed first in the blue wavelengths and, after some de- 
lay, in the red ones. If due to the electron energy losses, the ex- 
act time lag can be expressed as follows (e.g. Bottcher 2007): 
T - 5( 7^^2,5000 - V^i.sooo) [hours], where /li-2,5000 are the two 
wavelengths, normalized to 5000A. Similar wavelength-time de- 
lay behavior would also be observed in the disturbance propagat- 
ing down the jet scenario (Celotti et al. 1991). In this model the 
higher energy photons are produced closer to the jet base, and 
a disturbance (e.g. a shock wave) gives rise to the correspond- 
ing frequency while traveling across the jet. In our ~ 30 hours 



of intranight monitoring of 3C 454.3 during its recent outburst, 
however, we have not been able to find indisputable evidence 
for systematic red lags. One possibility is that the timescale of 
electron distribution evolution is longer than the typical monitor- 
ing time (i.e. longer than ~ 4 hours). Another possibility implies 
there is an ensemble of different emitting zones, each evolving 
separately on different timescales, making it impossible to trace 
a color-dependent lag in the combined light curve. 

On the other hand, if the variability of intranight timescales 
is associated with electron energy injection, one would natu- 
rally expect the longer wavelength variation to lead the shorter 
ones. This expectation is based on the assumption that the parti- 
cle acceleration stems from some statistical process where elec- 
trons gain a certain amount of energy in independent, individual 
steps. Thus, the higher the total energy gain of a particle, the 
longer the time it would take to reach that energy level, meaning 
that the energy injection process will first give rise to the longer 
wavelengths of the synchrotron spectrum. We find strong indi- 
cations but not necessarily convincing evidence for blue lags on 
one occasion (the night of 06 Nov. 2010) where the BVR bands 
lagged consistently behind the /-band (Fig. 4) with the largest 
tb-i ^25 + 15 min. It is not clear whether the acceleration mech- 
anism presumably leading to the lags observed is connected with 
the wave pattern of the light curve observed only that night. 

5. Summary 

Our main findings can be summarized as follows. 

- During its latest outburst, 3C 454.3 showed no rapid in- 
tranight variability (less than 0.03 mag /hour), based on 
about 30 hours of monitoring. 

- Although hints of various lags between light curves of dif- 
ferent colors were found, the overall waveband-time lag be- 
havior was not systematic. Furthermore, the results were not 
confirmed with different methods, and so are considered in- 
conclusive for most of the nights. 

- On one occasion, a wavelength-dependent lag was found 
with the red colors leading the blue one, perhaps an indi- 
cation of some energy-injection process driving the variabil- 
ity in this case. Taking into account the errors, however, the 
results cannot be considered convincing enough. Obviously 
more studies are required for a firm conclusion. 
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